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Solutions for Minimum Required Forward Link Channel
Powers in CDMA Cellular and PCS Systems

Jhong Sam Lee and Leonard E. Miller

Abstract: New solutions are given for the minimum required

transmitter powers for CDMA cellular or PCS systems for all

categories of the forward link channels, namely pilot, sync,

paging, and tra�c channels. Any excess power over that re-

quired for the speci�ed error performance of any channel cat-

egory always reduces the user capacity, so it is necessary to

know the minimum required power levels for all of the for-

ward link channels. We show the solutions for the forward

link channel powers by including fade margins to improve link

reliability in lognormal shadowing. The amount of margin

required to achieve a given reliability is calculated. We de-

rive system capacity expressions as functions of link margins

for speci�ed reliability requirements and the corresponding

minimum transmitter power levels. Example solutions are

also presented in graphical forms for typical realistic opera-

tional parameters, to illustrate the use of the solution formu-

las. These solutions can be applied to maximize the capacity

of a particular CDMA cellular or PCS system under di�erent

parametric situations.

Index Terms: CDMA, power control, forward link, reliabil-

ity.

I. INTRODUCTION

The signal received by a mobile user on the forward link of a
cellular or PCS system is subject to level fluctuations due to fad-
ing and shadowing. Fading refers to the change in signal level
that occurs as two or more signal multipath components, when
present, constructively or destructively interfere, depending on
the relationship among their carrier phases that is a function of
the mobile receiver’s motion; the effects of fading are usually
characterized by a probability distribution for the received sig-
nal level, such as the Rayleigh distribution. Shadowing refers
to the variation in the signal level because the propagation loss
changes as natural and manmade obstacles affect the signal re-
ception differently in different mobile receiver locations; shad-
owing is usually modeled as having a lognormal probability dis-
tribution [1], [2] whose median is a function of the link distance.
The effects of fading can be mitigated by the use of diversity or
by increasing the transmitter power to ensure that the average
received signal power is sufficient to achieve the desired link er-
ror probability performance. The effects of shadowing can be
countered by dynamic power control.

For forward link power control schemes for cellular systems,
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previous studies [3]–[6] considered only the traffic channels and
ignored the signaling channels. It is well known that the allo-
cations of the necessary (minimum) transmitter power to sig-
nals directed to individual mobile users are interdependent be-
cause the signals act as co-channel interference to each other,
and hence algorithms for power control must consider joint so-
lutions for the user signal powers. Frequent adjustments to the
powers are needed to adapt in real time to shadowing fluctua-
tions. Adaptive power control requires feedback, which is easily
incorporated into the full-duplex traffic channels but not usually
feasible for the one-to-many signaling channels.

It is known [1] that the propagation loss has a Gaussian dis-
tribution when expressed in dB units, given by

L (dB) = G
�
Lmed (dB) ; �2

dB

�
= Lmed (dB) + �dBG(0; 1) ;

(1a)

where G(�, �2) denotes a Gaussian random variable with mean
� and variance�2, Lmed (dB) denotes the median loss as a func-
tion of the distance from the base station, and�dB is the standard
deviation of the loss in dB. For a Gaussian distribution, the mean
and median are identical. Thus the loss in dB has the probability
density function (pdf)

pL(dB) (x) =
1

�dB
pG

�
x� Lmed (dB)

�dB

�

=
1

�dB
p
2�

exp

(
� (x� Lmed (dB))2

2�2
dB

)
:

(1b)

In absolute units, the propagation loss is the random variable L
given by

L = 10L(dB)=10

= 10[Lmed(dB)+�dBG(0; 1)]/10

= Lmed � 10�dBG(0;1)=10:

(1c)

When a Gaussian random variable is the exponent of any con-
stant, such as e or10, the resulting random variable is alognor-
mal random variable. Clearly, (1c) fits this description. This is
the basis for describing the loss as lognormal in the mobile en-
vironment. The pdf of the lognormal random variable L in (1c)
is given by

pL (x) =
1

� x
pL(dB)

�
ln x

�

�

=
1

�dB
p
2� � x

exp

(
� [ ln (x=Lmed)]

2

2�2�2
dB

)
;

(1d)

where� , (ln 10)=10. The pdf of the normalized random vari-
ableV =L=Lmed = 10�dBG(0;1)=10 is plotted in Fig. 1. Note
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Fig. 1. Probability density function of the normalized lognormal random
variable V for �dB = 1; 2; 3; 5; 6; 8.

that the median value ofV is 10[median of G(0;1)]=10 = 100 = 1.
Note also from Fig. 1 that the median of the normalized lognor-
mal random variable is always1, regardless of the value of�dB .
The median value of lognormal random variable is an important
parameter in the discussion of the propagation of forward link
signals in the mobile channel.

In this paper, for the forward link of a CDMA cellular [7] or
PCS [8] system, on which the channels are orthogonally mul-
tiplexed using Walsh functions, we consider power allocation
and control techniques not only for the traffic channels of ac-
tive users but also for the signaling channels that are broadcast
continually and monitored by all users, whether active or not.
We assume that the system adaptively controls the forward link
power on individual traffic channels, based on measurements of
signal quality reported to the base station on the reverse link,
as described in Section 7.6.4.1.1 of [7]. Based on this assump-
tion, we model a “forward link power control factor” and solve
explicitly for the required median values of power for each cat-
egory of forward link channel. We use these solutions to show
inherent limitations on forward link capacity and the dynamic
dependence of channel powers and power fractions on the num-
ber of active users.

Because the propagation loss is random, so also is the re-
ceived SNR. The link reliability for thejth channel may be
defined as the probability that the actual signal power-to-noise
power ratio, SNR, for the channel exceeds the requirement:

Prel (j) = Pr
n
(SNR)j > (SNR)j;req

o
; (2a)

where

j = 1(pilot), 2(sync),3(paging),4 (traffic): (2b)

In the absence of multiple-access interference, and ignoring mis-
cellaneous link gains and losses, the received SNR in dB can be
written

(SNR)j
= Pj (dBm)� L (dB)�Nm (dBm)

= Pj (dBm)� [Lmed (dB) + �dBG(0; 1)]�Nm (dBm)

= (SNR)j;med � �dBG(0; 1) ;

(2c)

where Pj (dBm) is the transmitter power in dBm,Nm (dBm) is
the receiver noise power in dBm, and

(SNR)j;med , Pj (dBm)� Lmed (dB)�Nm (dBm) (2d)

is the median received SNR. Let us define the link margin in dB
as

Mj (dB) , (SNR)j;med � (SNR)j;req (2e)

which is the amount by which the median received SNR exceeds
the required SNR. Substituting (2c) in (2a), we have

Prel (j) = Pr
n
(SNR)j;med � �dBG(0; 1) > (SNR)j;req

o

= Pr

�
G(0; 1) <

(SNR)j;med � (SNR)j;req
�dB

�

= 1�Q

�
Mj (dB)
�dB

�
;

(2f)

where Q(x) is the Gaussian Q-function:

Q(x) ,

Z
1

x

1p
2�

exp

�
�y2

2

�
dy: (2g)

Thus for the nonadaptive signaling channels and for imperfect
power control on the traffic channels, to achieve high link relia-
bility in lognormal shadowing it is necessary to transmit powers,
with margin, that are higher than those needed to meet require-
ments without shadowing. In this paper, we consider multiple-
access interference in the formulation of the link reliability for
forward links and will show that there are limits on the amount
of margin that can be used in a CDMA cellular system. The
margins that are used below such limits, however, do provide
sufficiently high link reliability for most practical purposes.

II. SOLUTION FOR CDMA FORWARD LINK
CHANNEL POWERS

The forward link in the IS-95 CDMA cellular system [7]fea-
tures four different kinds of channel: (1) a continuously trans-
mitted CDMA pilot channel that provides a PN code reference;
(2) a continuously transmitted sync channel that provides base
station identification and a system timing reference; (3) up to
seven paging channels that inform mobiles of incoming calls and
other call-related information and instructions; and (4) traffic
channels over which digital voice and other data are transmitted
during calls. These channels are transmitted by the base station
on the same PN code-modulated RF carrier using Walsh func-
tion orthogonal multiplexing. Because the forward link channels
are simultaneously transmitted on the same carrier, they share
link power budget gain and loss parameters. However, the chan-
nel categories have different baseband data rates and different
SNR requirements, and the base station transmits each type of
channel at a different power level to meet those requirements.

The SNR requirements1 for the pilot, sync, paging, and traf-
fic channels are expressed as a threshold for the received chan-
nel Eb=N0;T (Ec=N0;T for the pilot channel), where Eb is the

1In this paper, we use the term SNR and the energy per bit-to-noise density
ratio interchangeably for convenience.
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channel bit energy,N0;T = N0 + I0;T is the effective noise-
plus-interference spectral power density,N0 is the thermal noise
spectral power density, andI0;T is effective interference spec-
tral power density. Assuming the spread spectrum bandwidth
equals the chip rate; i.e.,W = Rc, the received channel
Eb=N0;T is: �

Eb

N0;T

�
j

=
Sj Tbj

N0 + I0;T
=

Sj
Nm + IT

� W
Rbj

=
Sj

Nm + IT
� (PG)j ;

(3a)

where

Sj =received power for channel categoryj,

Tbj =bit period for channel categoryj,

Rbj = 1=Tbj =bit rate for channel categoryj,

and the processing gain for channel categoryj is

(PG)j ,
W

Rbj
; j=1, 2, 3, 4. (3b)

Note that for the pilot channel,(PG)1 = 1 since the effective bit
rate equals the chip rate.

A. Interference Terms

The total interference power on the forward link,IT , is a com-
ponent of the SNRs of all the channels and may be broken down
into same-cell interference powerIsc and other-cell interference
powerIoc.

The forward link channels are transmitted orthogonally, and
thus there is no same-cell multiple-access interference when
there is no multipath. However, multipaths do exist in the mo-
bile channel environment and, therefore, there is same-cell for-
ward link interference. Let the received power from all channels
in the absence of interference be denoted S; then, the same-cell
interference can be written as a factor times S,

Isc = KsameS; (4a)

where Ksame� 1 for lack of specific information on multipaths
[9]. The forward link power received from other base stations
at a particular mobile’s location acts as interference. This other-
cell interference can also be written as a factor times S,

Ioc = KotherS; (4b)

where Kother� 2:5 dB= 1:778 near the cell edge [8]. Note that
the factors Ksameand Kother are defined by (4a) and (4b).

The total forward link interference power is denotedIT , and
we have

IT = Isc + Ioc = (Ksame+ Kother) S = KfS; (4c)

where

Kf , Ksame+Kother: (4d)

B. Total Forward Link Transmitter Power

Having related the forward link interference power to the re-
ceived signal power, we now develop the details of this received
signal power. In doing so, we define a factor called theforward
link traffic channel power control factor, denoted Ktraf.

At the base station transmitter, the total power delivered by
the power amplifier can be written as

Ptotal = P1 +P2 +Np P3 +KtrafM �f P4; (5)

where

Pj = power for channel categoryj, j=1, 2, 3, 4,

Np = number of active paging channels,

M = number of active traffic channels,

�f = forward link voice activity factor,

Ktraf = forward link power control factor.

The traffic channel transmitter power P4 used in this formulation
is taken to be the power transmitted for a mobile user at the cell
edge. Note that in (5) the total traffic channel transmitted power
is given by the term KtrafM �f P4. Although there areM active
traffic channels, the total power in these channels is notM P4

because the (average) power for any channel is reduced by the
average voice activity factor,�f � 1 [7]. In the same manner,
the factor Ktraf < 1 in (5) is a parameter that takes into account
the fact that most of the mobile users are not located at the cell
edge, and assumes adaptive forward link power control by the
base station.

If the forward link power for a particular traffic channel is
adjusted to deliver the required median value of power to the
mobile’s location (and no more, to minimize interference), then
it follows that the traffic channel power P4 (r) transmitted for a
mobile at a distancer from the base station is inversely propor-
tional to the propagation loss within the cell, and may be related
to the power transmitted for a mobile at the cell edge (i.e., at
distancer = R) by [9]

P4 (r) = P4 (R) �
� r
R

�

: (6a)

where
 is the propagation power law andR is the cell radius. If
we assume that mobiles are equally likely to be at any distance
r from the base station between the valuesr = 0 andr = R (at
the edge), then a pdf for the distance of mobiles from the base
station can be written as the uniform distribution

pr (�) =

�
1=R; 0 � � � R;
0; otherwise,

(6b)

and the average traffic channel power is

P4 =

Z R

0

P4 (�) pr (�) d�

=

Z R

0

P4 (R)
��
R

�

� 1
R
d�

= P4 (R)

Z 1

0

x
 dx

= P4 (R) � 1


 + 1

= P4 (R) �Ktraf;

(6c)
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where

Ktraf =
1


 + 1
;

mobiles uniformly distributed over distance.
(6d)

Because the power law is commonly between
 = 3 and
 = 4,
a value of Ktraf on the order of0:2 or 0:3 would be reasonable,
and Ktraf = 0:5 would be a conservative value. If, instead of
being uniformly distributed indistancefrom the base station,
the mobiles are uniformly distributed inareawithin the sector,
then a pdf for the locations(r; �) of mobiles within the sector is

pr;� (�, �) =

8<
:

2

R2 �s
; 0 � � � R; 0 � � � �s;

0; otherwise,
(7a)

where�s is the sector angle. The average forward link traffic
channel power is

P4 =

Z �s

0

Z R

0

�P4 (�) pr;� (�, �) d� d�

=

Z R

0

�P4 (R)
��
R

�

� 2

R2
d�

= P4 (R)

Z 1

0

2x
+1 dx

= P4 (R) � 2


 + 2

= P4 (R) �Ktraf;

(7b)

where

Ktraf =
2


 + 2
=

1
1
2
 + 1

;

mobiles uniformly distributed over area.
(7c)

A value of Ktraf on the order of0:3 or 0:4 would be reasonable
for these assumptions, and Ktraf = 0:5 would still be a conser-
vative value.

C. Net Losses on the Forward Link

We may define the forward link transmission loss LT as the
net loss on the link. Generalizing that definition to include not
only antenna gains but the other loss factors for the forward link,
we can write

LT (r) ,
L (r) � Lrm � Ltc

Gm �Gc
; (8a)

where

L (r) =link propagation loss at distancer,

Lrm =mobile receiver losses (cable, etc.),

Ltc =base station transmitter losses (cable, etc.),

Gm =mobile antenna gain,

Gc =base station antenna gain.

Given the total power delivered by the base station transmitter’s
power amplifier, the received power at the location of a mobile

Table 1. Nominal parameter values.

Channel category Requirement �j (PG)j
pilot(j = 1)

�
Ec
N0;T

�
1

� �1 �15 dB 1 (0 dB)

sync(j = 2)
�

Eb
N0;T

�
2

� �2 6 dB 1024 (30 dB)

paging(j = 3)
�

Eb
N0;T

�
3

� �3 6 dB 256 (24 dB)

traffic(j = 4)
�

Eb
N0;T

�
4

� �4 7 dB 128 (21 dB)

on the cell edge, in the absence of interference, is Ptotal=LT (R).
Because the losses and gains are common to all the channels, the
received channel powers to be used in calculating the channel
SNRs are

Sj =
Pj

LT (R)
; j=1, 2, 3, 4. (8b)

D. Solution for Forward Link Powers

With the preceding background and definitions, we now can
solve for the powers P1 , P2 , P3 , and P4 that will satisfy the
constraints placed on the total transmitter power and the link
budget for each forward link channel. Our formulation for this
problem starts with the zero-margin case, then is extended to the
general case of nonzero margin. The zero-margin constraints are
the following:

Ptotal = P1 +P2 +Np P3 +KtrafM�f P4 � Pmax; (9a)

�
Eb

N0;T

�
j

=
(PG)j Sj
Nm + IT

=
(PG)j Pj

NmLT (R) + Kf Ptotal
� �j ;

(9b)

where thef�jgare the required values of the
n
(Eb=N0;T )j

o
,

as indicated in Table 1, along with nominal parameter values
for CDMA cellular and PCS systems. Note that the constraint
in (9b) is formulated for a mobile at the cell edge (distanceR).
Since the actual power for a particular traffic channel is assumed
to be dynamically controlled, (9b) in the case ofj = 4 pertains
to the maximum value of P4 that would be required, which might
be used as an initial value for a traffic channel’s power until the
system’s power control mechanism begins to adjust it to the level
appropriate for the actual distance of the mobile from the base
station.

If the inequality in (9b) is made an equality, it is clear that the
solution, if one exists, will be the minimum required value of
the transmitted power, Pj , since the partial derivative of the left
hand side of (9b) with respect to Pj is always positive. It is pos-
sible that there is no joint solution for the transmitter powers that
satisfies both (9a) and (9b), which may be seen by considering
that(Eb=N0;T )j in (9b) has an upper bound given by

(PG)j Pj
NmLT (R) + Kf Ptotal

<
(PG)j

Kf
� Pj

Ptotal
: (9c)

This bound is approached when Kf Ptotal � NmLT (R), a con-
dition that may not satisfy (9a). Or, due to a high number of
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mobile users, the bound may be less than�j for somej, thereby
guaranteeing that (9b) is not satisfied.

Assuming that the power limitation (9a) is satisfied, as it
should be in practice due to the proper selection of an ampli-
fier power rating, and assuming that (9b) is made an equality
instead of an inequality, the four cases of (9b) can be put in the
form of a system of simultaneous equations to be solved for the
channel powers; in matrix form, we have2
666666666664

a1 � 1 �1 �Np �KtrafM�f

�1 a2 � 1 �Np �KtrafM�f

�1 �1 a3 �Np �KtrafM�f

�1 �1 �Np a4 � KtrafM�f

3
777777777775

2
666666666664

P1

P2

P3

P4

3
777777777775
=

2
666666666664

b

b

b

b

3
777777777775

(10a)

where

aj ,
(PG)j
�j Kf

; j=1, 2, 3, 4, (10b)

and

b ,
NmLT (R)

Kf
> 0: (10c)

We now consider a generalization of these equations to include
margins. A margin Mj (dB) for channel categoryj may be in-
cluded in the analysis by stipulating that the SNRs (in dB) ex-
ceed their “required” values by some amount, resulting in the
new SNR requirements given by

�0j (dB) , �j (dB) +Mj (dB) ; j=1, 2, 3, 4, (11a)

or

�0j , �j � 10Mj(dB)=10; j=1, 2, 3, 4. (11b)

Thus, the quantitiesa1 , a2 , a3 , anda4 defined above now be-
come, for the general case including margins:

a0j =
(PG)j

10Mj(dB)=10�j Kf
=

(PG)j
�0j Kf

; j=1, 2, 3, 4. (11c)

Using the parameters
�
a0j
	

in (10a) in place of thefajg, the
solutions for the four channel transmitter powers are [9], [10]

Pj (Kf, Mj (dB))

=
Nm �0j LT (R) =(PG)j

1� Kf

�
�01 +

�02
(PG)2

+Np
�03

(PG)3
+ KtrafM�f

�04
(PG)4

� ;
j=1, 2, 3, 4.

(12)

Note from these equations that the solution for each channel’s
required power is a function of not only the SNR requirements
for all the channels, but also the data rates of all the forward link

Fig. 2. P1 vs. M for Kother = 1:5, 2:0, 2:5, 3:0dB and M(dB) = 0,
Nm = �105dBm, LT = 125dB, Ksame = 1, Ktraf = 0:5, Np = 1,
�f = 0:4, �1 = �15dB, �2 = �3 = 6dB, �4 = 7dB.

channels in terms of the processing gain of each channel. This
means that the channel power requirements are interdependent.
Note also that each channel power is a function of the number
of active usersM , which implies that ideally the forward link
powers must be controlled in real time (dynamic power alloca-
tion) by using feedback involving all the parameters indicated in
the denominators of the equations.

Because the forward link transmitter power for each of the
four channel types varies by the same proportion for fixed SNR
requirements, the general behavior of the power solutions can
be observed using calculations of just the pilot channel trans-
mitter power, P1 �Ppilot. For convenience, we assume that the
same margin is used on each channel. That is, we assume that
Mj (dB) in (11a) equals M(dB) for all the channels.

Let us now observe the functional behavior of P1 versusM .
Assuming Ksame = 1, the total interference factor is Kf =
1+Kother. In Fig. 2, we show pilot power as a function of the
number of active users,M , with Kothervaried from1:5 to 3:0 dB
in steps of0:5 dB, assuming zero margin and the following pa-
rameter values:Nm = �105 dBm,2 LT = 125 dB, Ktraf = 0:5,
Np = 1, and�f = 0:4, in addition to the SNR requirements
shown in Table 1. From (8), the assumed value of transmis-
sion loss is equivalent to a propagation loss of about136 dB if
it is assumed that Ltc = 2 dB, Lrm = 3 dB, Gc = 14:1 dB,
and Gm = 2:1 dB [11]; in turn, a propagation loss of136 dB is
equivalent to a cellular radius of2 to 3 km at cellular frequen-
cies and1 to 2 km at PCS frequencies [12]. We see in this figure

2 This noise is based on a bandwidth ofW = 1:2288MHz, an8 dB noise fig-
ure (NF), and an operating temperature ofT = 293 ˚ K, so thatNm = kTFW ,
with Boltzmann’s constantk = 1:38� 10�23 J/Hz/deg and F= 10NF/10.
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Fig. 3. P1 vs. M(dB) for M = 15; 20; 25; and 30 and Nm = �105dBm,
LT = 125dB, Kf = 2:778, Ktraf = 0:5, Np = 1, �f = 0:4, �1 =
�15dB, �2 = �3 = 6dB, �4 = 7dB.

that the transmitter power increases with the amount of other-
cell interference, as indexed by Kother, and that there is a value
of M at which the required pilot power goes to infinity. For
example, when Kother = 2:5 dB, a typical value [9], the pilot
power required to meet system requirements increases without
limit as M approaches39; thus, the effective capacity for this
case is at mostM = 39. For a system that is not heavily loaded
(M < 25), the sensitivity of P1 to Kother can be characterized
as follows: a half-dB increase in Kother requires at most a half-
dB increase in P1; that is, the required increase in pilot power in
this instance is less than an increase in the other-cell interference
factor.

Fig. 3 shows the required pilot power as a function of the
receiver margin, M(dB), for M = 15, 20, 25, and30, and the
same values of Kf, Ktraf,Np, �f , �1, �2, �3, and�4 as in Fig. 2. It
is important to note from the figure that, for a given user capac-
ity, there is a limit for the system reliability that can be achieved
because one cannot increase margin arbitrarily for higher reli-
ability. For example, forM = 30 users, the system reliability
cannot be increased by having a margin greater than1 dB, which
is the limit on the margin for a user capacity ofM = 30. The
same observation can be for the case of other capacity require-
ments, as shown in Fig. 3.

E. Channel Powers as Fractions of Total Power

The fraction of allocated power,�j , for channel categoryj, is
given by

�j ,
Pj

Ptotal
=

�0j= (PG)j

�01 +
�02

(PG)2
+Np

�03
(PG)3

+ KtrafM�f
�04

(PG)4

;

j=1, 2, 3, 4.
(13a)

When the margins are equal in all the channels (i.e.,
Mj (dB) =M(dB) for all j), then (13a) becomes

�j =
�j= (PG)j

�1 +
�2

(PG)2
+Np

�3
(PG)3

+ KtrafM�f
�4

(PG)4

;

j=1, 2, 3, 4,

(13b)

which is independent of the margin. Also note that the fractions
do not depend on the interference factor Kf or on the transmis-
sion loss LT (R), although the amount of power is very sensitive
to these parameters. The fraction for a particular channel is pri-
marily a function of the number of active usersM , although it
is also a function of the number of paging channelsNp. Note
that the fraction of transmitter power allocated to the pilot or
any other channel is not fixed but is inversely proportional to
M ; however, the pilot power itself increases withM , as seen
from the form of (12).

III. RELATION BETWEEN TRANSMITTER AND
RECEIVER MARGINS

Let us assume that forward link channelj has the receiver
margin requirement Mj (dB), and let the margin at the receiver
for a channel in absolute units (not dB) be denoted by�rj , where

Mj (dB) = 10 log10�rj (Kf) ; j=1, 2, 3, 4, (14a)

or

�rj (Kf) , 10Mj(dB)=10; j=1, 2, 3, 4, (14b)

and the argument Kf in �rj (Kf) is a notation indicating that the
margin depends on interference conditions. Now, let a transmit-
ter “margin” or excess power ratio for channelj, corresponding
to the receiver margin, be defined as

�tj (Kf) ,
Pj (Kf, Mj (dB))

Pj (Kf = 0; Mj (dB) = 0)
; j=1, 2, 3, 4. (15a)

The quantity in (15a) is the amount by which the transmitter
power for the channel must be increased either to implement a
receiver margin, to overcome interference, or both. Substituting
(11b), (12), and (14a) in (15a), we can write (15b) shown at the
bottom of the next page. If the receiver margins are all equal to
�rj = �r, then from (15b) we observe that all the transmitter
margins are equal to�tj = �t, and solving (15b) for the receiver
margin results in the expression (16) shown at the bottom of the
next page.

It is evident from (15b) and (16) that, in general, the transmit-
ter margin must exceed the desired receiver margin, but when
Kf = 0 (no interference), they are equal. This fact is illustrated
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Transmitter power (dBm) Receiver median SNR (dB)

Pt 0 SNRreq
For no interference (Kf = 0)

For no interference (Kf = 0)
Pt(0) SNRmed

M(dB)

For interference (K
f ¹  0)

Pt(Kf)

Mt(0)

Mt(Kf)

Fig. 4. Relationship between transmitter and receiver margins, without
interference (Kf = 0) and with interference (Kf > 0).

qualitatively in Fig. 4. Calculations of (16) are plotted in Fig.
5 for the parameter values used in the previous figures (except
�f = 0:45) and forM = 5 to 30 in steps of5. We see in
Fig. 5 that some values of receiver margin for given reliability
requirements may be unattainable no matter how much trans-
mitter power is used, depending onM . The amount of receiver
margin needed to attain a specified link reliability is found in
Section IV.

The required amount of forward link power, as expressed in
(12) and observed in Figs. 2 and 3, “blows up” at some value
of M because each channel’s power has a singularity asM ap-
proaches some value. This behavior can be interpreted as a limit
to the forward link user capacity. In practice, the transmitter
power is limited to Pmax, as expressed in the constraint given
in (9a). Substituting (12) in (9a) and assuming each channel
has the same margin leads to an upper bound onM that can be
termed thepower-limited capacity, denotedM (Pmax):

M �M (Pmax) ,
(PG)4

Ktraf�f �4

�
10�M(dB)/10

Kf +NmLT =Pmax

��1 � �2
(PG)2

�Np
�3

(PG)3

�
:

(17a)

For no limit to the power (Pmax ! 1), this bound becomes the
inequality

M <M1 ,
(PG)4

Ktraf�f �4

�
10�M(dB)/10

Kf

��1 � �2
(PG)2

�Np
�3

(PG)3

�
;

(17b)

in whichM1 denotes theforward link asymptotic capacity. In
view of (14a), we note that the first term ofM1 can be written

�tj (Kf) =
�rj (Kf)

1� Kf

�
�r1 (Kf) �1 +

�r2 (Kf) �2
(PG)2

+Np
�r3 (Kf) �3
(PG)3

+ KtrafM�f
�r4 (Kf) �4
(PG)4

� ; j=1, 2, 3, 4. (15b)

�r (Kf) =
�t (Kf)

1 + Kf �t (Kf)

�
�1 +

�2
(PG)2

+Np
�3

(PG)3
+ KtrafM�f

�4
(PG)4

� (16)

Fig. 5. Receiver margin vs. transmitter margin for M=5, 10, 15, 20, 25,
and 30 and Nm = �105dBm, Kf = 2:778, Ktraf = 0:5, Np = 1,
�f = 0:45, �1 = �15dB, �2 = �3 = 6dB, �4 = 7dB.

(PG)4 10
�M(dB)/10

Kf Ktraf�f �4
=

"
W=Rb

(Eb=N0,T )req
� 1
�f
� 1

Kf Ktraf

#
� 1

�r
:

(17c)

We observe from (17c) that the forward link capacity is inversely
proportional to the receiver margin—any increase in margin for
increasing link reliability has the cost of reducing user capacity.

In Fig. 6 we plotM1 andM (Pmax = 1W) as functions of
the margin in dB, with the specific parameter assumptions used
previously. The figure shows that the capacity is inversely pro-
portional to the forward link power control factor Ktraf and de-
creases rather quickly as the receiver margin increases. Note that
the capacity decreases to one-half of its value for zero margin
when the margin is about2:5 dB. Fig. 6 also demonstrates the
sensitivity of the power solutions to the assumed value of Ktraf,
just as Fig. 2 showed the effect of variations in the assumed
value of Kother. In [9], methods are discussed for implement-
ing forward link power solutions using measurements instead of
such assumptions.
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Fig. 6. Forward link power-limited and asymptotic capacities vs. fade
margin, for Ktraf = 0:3; 0:4; 0:5; and 0:6 and Nm = �105dBm,
Kf = 2:778, Ktraf = 0:5, Np = 1, �f = 0:4, �1 = �15dB, �2 =
�3 = 6dB, �4 = 7dB, and Pmax = 1W.

IV. FORWARD LINK RELIABILITY AS A FUNCTION
OF MARGIN

In (2a) we expressed the reliability of thejth forward link
channel as the probability that the received SNR at a mobile
near the cell edge exceeds the SNR requirement for that channel.
Substituting the channel power solutions into the expression for
(SNR)j , we obtain

Prel (j)

, Pr

�
(SNR)j =

Pj=LT (R)

Nm + Kf Ptotal=LT (R)
>

�j
(PG)j

�
;

j=1, 2, 3, 4,

(18)

in which the random variable is the net link loss, LT (R). Note
that, unlike in (2c), we now include multiple-access interfer-
ence in the SNR expression. Since we are modeling same-cell
and other-cell interference as a factor times the received forward
link power, the propagation loss affects the interference as well
as the signal. With regard to fluctuations in that loss, it is rea-
sonable to assume that the same-cell interference is subject to
the same fluctuations, while the fluctuations in the propagation
loss experienced by the other-cell interference may be different,
although correlated because the transmissions share the same

Prel (j) = Pr

�
(LT (R))med � 10�dBG(0; 1)=10 <

Pj (PG)j =�j � Kf Ptotal

Nm

�

= Pr

�
G(0; 1) <

10

�dB
log10

�
Pj (PG)j =�j � Kf Ptotal

Nm (LT (R))med

��
; j=1, 2, 3, 4.

(21a)

receiver location. We analyze the case of identical fluctuations
in propagation losses experienced by same-cell and other-cell
interference.

A. Same Other-Cell Fluctuations

We assume for this case that the shadowing experienced by
the other-cell interference is modeled by the same random com-
ponent of the propagation loss. In terms of the loss, the reliabil-
ity then can be written

Prel (j) = Pr

�
LT (R) <

Pj(PG)j=�j � Kf Ptotal

Nm

�
;

j=1, 2, 3, 4.

(19)

The expression in (19) is based on the fact that, unlike on the re-
verse link (on which each channel has a different random prop-
agation loss), the forward link channel powers arriving at a par-
ticular mobile’s location all have precisely the same propagation
loss, since there are transmitted simultaneously on the same RF
carrier. Note in (18) that if the thermal noise termNm is ne-
glected, the received SNR does not depend on LT (R). How-
ever, if the interference term Kf Ptotal=LT (R) is neglected, the
received SNR is directly proportional to the inverse of LT (R).
The general case is between these two extremes, so that the size
of the fluctuations in the SNR is generally smaller than the fluc-
tuations in the loss.

For a lognormal propagation loss as modeled in (1a), the
net transmission loss to the cell edge can be expressed as
LT (dB) =LTmed (dB) + �dBG(0; 1). In absolute units, we
may write

LT (R) = 10(LTmed(dB)+�dBG(0; 1))=10

= (LT (R))med � 10�dBG(0; 1)=10:
(20)

Substituting (20) in (19) leads to the result (21a) shown at the
bottom of the page. If we assume that the net loss in the power
solutions (12) is the median value of that loss, we have

Pj =

Nm �r�j (LT (R))med =(PG)j

1� Kf �r

�
�1 +

�2
(PG)2

+Np
�3

(PG)3
+ KtrafM�f

�4
(PG)4

� :
(21b)

Substituting (21b) and (9a) into (21a), we obtain

Prel = Pr

�
G(0; 1) <

ML (dB)
�dB

�
= 1�Q

�
ML (dB)
�dB

�
;

(22)

where Q(x) is the Gaussian Q-function and the quantity
ML (dB), a “loss margin,” is given by

ML (dB) , 10 log10�L; (23a)
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Fig. 7. Forward link reliability vs. transmitter margin for M=5, 10, 15,
20, 25, and 30 and Kf = 2:778, Ktraf = 0:5, Np = 1, �f = 0:45,
�1 = �15dB, �2 = �3 = 6dB, �4 = 7dB.

where

�L =

�r � Kf�r

�
�1 +

�2
(PG)2

+Np
�3

(PG)3
+ KtrafM�f

�4
(PG)4

�

1� Kf�r

�
�1 +

�2
(PG)2

+Np
�3

(PG)3
+ KtrafM�f

�4
(PG)4

�
> �r:

(23b)

Note that when the margins are assumed to be the same for
all channels, they all have the same reliability, so the indexj is
omitted in (22). When the expression for�r in (16) is substi-
tuted in (23b), we obtain�L in terms of the transmitter margin,
�t:

�L =

�t

�
1� Kf

�
�1 +

�2
(PG)2

+Np
�3

(PG)3
+ KtrafM�f

�4
(PG)4

��
< �t:

(24a)

Note that

�r < �L < �t; (24b)

which indicates that the receiver margin�r for achieving a par-
ticular value of link reliability is less than the loss margin,

�r < �L � 10ML(dB)=10 = 10�dB�Q
�1(1�Prel)=10; (25)

so that the achievable link reliability is not as severely limited
as it seemed from the limitation on receiver margin shown pre-
viously in Fig. 5.

Fig. 8. Forward link reliability vs. receiver margin for M=5, 10, 15, 20,
25, and 30 and Kf = 2:778, Ktraf = 0:5, Np = 1, �f = 0:45,
�1 = �15dB, �2 = �3 = 6dB, �4 = 7dB.

B. Numerical Results for Margins

What then, is the margin needed to accomplish a specific
value of link reliability? Fig. 7 showsPrel as a function of
the transmitter margin in dB units, assuming that the standard
deviation of the loss in dB units is�dB = 8. We observe in
the figure that when the number of active users increases from
M = 5 toM = 30, a50% link reliability would requires a trans-
mitter margin increase from1:5 dB to 9:0 dB, while a90% link
reliability requires a transmitter margin increase from11:5 dB
to 19:3 dB. A plot of the reliability as a function of the receiver
margin in dB is given in Fig. 8; it is interesting to note from Fig.
7 and Fig. 8 that, for a link reliability greater than50%, transmit-
ter margins that are increasing withM correspond todecreasing
receiver margins for increasingM . The receiver margins are de-
creasing withM because the cochannel interference increases
with M .

V. CONCLUSION

In this paper, we have presented the solutions for the mini-
mum CDMA forward link transmitter powers for the specified
channel bit error rate performance of each channel category for
maximizing user capacity, in conjunction with fade margin re-
quirements for achieving a specified level of link reliability. Our
solutions provide the minimum interference power levels from
each base station transmitter to users, not only in the same cell,
but also in other adjacent cells. It is shown that the maximum
capacity is inversely proportional to the margins that are used to
increase link reliability. Optimum selections for the parameters
in terms of transmitter powers, link reliability, and achievable
user capacity can be found from the equations and graphical re-
sults provided in the paper, which are plots of the general solu-
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tions for typical values of the parameters.
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